The volumes, melt fractions, and geometries of shallow magma reservoirs strongly in uence the hazards associated with volcanic regions. This study investigates these properties of the shallow Mount St. Helens (Washington State, USA) magma reservoir using modeled P-wave velocities (Vp) from data collected during the Imaging Magma Under St. Helens (iMUSH) active-source seismic experiment. This model shows a low Vp anomaly between 3.5 and 14 km depth that is inferred to represent the magma reservoir that feeds this volcano. The shape of this feature is complex compared to previous models of the magma reservoir and at most depths has a central location that is offset to the south/southwest from the volcanic edi ce. Using a calculated relationship between Vp and melt fraction, it is estimated that anomalously high melt fractions of 10-12% occur between 4 and 6 km depth within the inferred magma reservoir. A majority of the magma source depths of major eruptions at Mount St. Helens over the past 4 k.y. fall within this same depth range. This relationship suggests persistent properties of the magma reservoir that focus magma accumulation within this depth range over multiple eruptive episodes. Future monitoring of changes in the seismic properties in this shallow portion of the reservoir may improve forecasting for major volcanic eruptions at Mount St. Helens.
INTRODUCTION
The most active volcano along the Cascade arc is Mount St. Helens (Washington State, USA), having experienced seven major eruptive episodes over the past 4 k.y. (Mullineaux and Crandell, 1980) . This volcano is characterized by generally dacitic compositions, though basalt and rhyolite have also erupted (Pallister et al., 1992a) . In order to understand the past and present activity at Mount St. Helens, a detailed understanding of the magmatic system beneath the edi ce is needed. Following the Plinian eruption on 18 May 1980, several studies investigated the geometry and size of the subsurface magma reservoir that fed this volcano. Based upon the distribution of earthquakes immediately following this eruption, it has been argued that the reservoir has a prolate spheroidal shape centered beneath the edi ce between depths of 6 km and 13 km (Scandone and Malone, 1985) . Petrologic and geodetic constraints indicate that erupted magma was stored near the top of this reservoir at 6-7 km depth (Rutherford et al., 1985; Scandone and Malone, 1985) . Between 2004 and , renewed activity at Mount St. Helens produced dome-building eruptions in the crater of the volcanic edi ce. Petrologic evidence indicates that the magma source depth for this activity was 3-4 km shallower than that of the 1980 eruption (Pallister et al., 2008) .
In addition to inferences based upon the locations of earthquakes and petrology, the dimensions and shape of the magmatic reservoir have also been constrained by geophysical subsurface imaging. The presence of magma should lower seismic velocities, increase attenuation of seismic wave amplitudes (Mavko, 1980) , and increase subsurface conductivity (Gaillard and Marziano, 2005) . Several seismic tomography and attenuation studies have used data from local earthquakes to model seismic properties beneath Mount St. Helens (Lees, 1992; Lees and Crosson, 1989; Waite and Moran, 2009; De Siena et al., 2014 . These models all show more complexity in the shallow magma reservoir than is suggested by the prolate spheroid model mentioned above, though good constraints on the maximum depth of the reservoir have been lacking due to resolution limitations. Using active-source seismic data, Kiser et al. (2016) imaged a high Vp/Vs (P-wave and S-wave velocities) region between 4 and 13 km depth beneath Mount St. Helens that was inferred to represent the shallow magma reservoir. However, uncertainties in seismic velocities due to the two-dimensional nature of the study, and spatial resolution limitations, limited the details of the reservoir that could be inferred. Conductivity models show a similar depth range for the inferred magma reservoir/hydrothermal system, with a high-conductivity region beneath the edi ce between 0 and 15 km depth (Hill et al., 2009 ), but as with the seismic models, details of the internal structure of the reservoir are lacking.
Though the broad features of the various magma reservoir models agree, many of the details of this system are still unresolved. One of the primary goals of the Imaging Magma Under St. Helens (iMUSH, http://geoprisms .org /education /report -from -the -field /imush -spring2015/) project is to generate high-resolution models that make it possible to infer properties such as the dimensions, internal structure, and melt fraction of the primary reservoir beneath this volcano, which are critical for understanding future eruptive activity (Gudmundsson, 2012; Anderson and Segall, 2013) . The active source seismic component of this project included the deployment of ~6000 seismograph stations recording 23 borehole shots with a maximum source-to-receiver offset of ~180 km (Fig. 1) . From this collection of shots and receivers, ~62,000 P-wave traveltime picks were made and inverted for Vp in the subsurface around Mount St. Helens (Fig. DR1 in the GSA Data Repository 1 ). This experimental design provides resolution down to ~14 km beneath Mount St. Helens (Figs. DR5-DR8 ). For the current study, relatively small traveltime pick uncertainties near Mount St. Helens were combined with a nite-frequency tomography method (Zelt and Chen, 2016) to image the details of the magma reservoir beneath the volcano (see the Data Repository). Though S-wave picks were also made on this data set, the large uncertainties associated with these picks prohibit Vs modeling at similar resolution as Vp, and therefore these data were not included in this study.
Vp MODEL
At the shallowest depths (<0 km above sea level), the dominant feature of the Vp model near Mount St. Helens is a low-velocity anomaly associated with the volcanic edi ce ( Fig. 2; Fig. DR9 ). Low velocities are consistent with poorly consolidated volcaniclastic materials that form this structure (Waite and Moran, 2009 ). Between 0 and 3.5 km depth, high velocities are observed below the edi ce ( Fig. 2; Fig. DR9 ). These high velocities connect to three shallow, high-Vp bodies both north and south of Mount St. Helens that spatially correlate well with the mapped locations of the Silver Star, Spirit Lake, and Spud Mountain plutons-granodiorite intrusives of Tertiary age (Evarts et al., 1987; Kiser et al., 2017) . Absent from the features observed in the depth range of 0-3.5 km is the low-Vp zone between 2 and 3.5 km depth in the model of Waite and Moran (2009) . It is possible that this zone was a temporary feature associated with activity at Mount St. Helens between 2004 and 2008. Below the high-Vp region, several low-Vp bodies are observed. Though the velocity structure is complicated in this region, there are a set of low-Vp anomalies within 15 km of Mount St. Helens that form a nearly continuous body between 3.5 and 14 km depth ( Fig. 2; Fig. DR9 ). The depth to the top of this low-Vp feature is similar to previous tomographic models (Lees, 1992; Waite and Moran, 2009 ). The highest-amplitude low-Vp anomalies occur between 4 and 6 km depth and are located directly south/southwest of the volcanic edi ce ( Fig. 2; Fig. DR9 ). The location of these anomalies is broadly consistent with the deepest low-Vp feature observed in the model of Waite and Moran (2009) . The low-Vp feature between 4 and 6 km is also close to a high-scattering anomaly inferred to possibly represent the top of a shallow magma reservoir (De Siena et al., 2014 . At greater depths, these low-Vp anomalies are mostly shifted to the west/ southwest of Mount St. Helens, though within the depth interval 8.5-9.5 km, the anomalies are centered directly beneath the edi ce ( Fig. 2; Fig.  DR9 ). The width of this low-Vp feature varies from ~5 km near the top of the low-Vp region to 20 km near the bottom of the low-Vp region. Resolution tests suggest that features with lateral dimensions of 5, 10, and 15 km can be resolved down to depths beneath Mount St. Helens of 6, 10, and 14 km, respectively (Figs. DR5-DR8 ). Depth dimensions of 2, 4, and 5 km can also be resolved down to depths beneath Mount St. Helens of 6, 10, and 14 km, respectively (Figs. DR5-DR8).
Given the volcanic setting, the simplest explanation for the source of the low-Vp anomalies is the presence of melt (Mavko, 1980 agree with a portion of the low-Vp anomalies that extend from 8 to 13 km depth (Fig. 2) , but there is a clear south/southwest offset of the inferred magma reservoir between 3.5 and 6 km depth (Fig. 2) . Figure 3A shows the maximum low-Vp anomalies with respect to depth within the low-Vp continuous body (also see Fig. DR9 ). These amplitudes can be affected by both uncertainties in the Vp model and the physical and chemical conditions within the magma reservoir.
To quantify the uncertainties, these anomalies were perturbed by a range of values to determine how these perturbations affect data mis t. At all depths of the model, data mis ts are very sensitive to positive perturbations in Vp within the low-velocity region. In contrast, the sensitivity of data mis t to negative perturbations decreases with increasing depth. This change in the sensitive of data mis t to negative perturbations leads to uncertainties that range from ~2% at 4 km depth to 6% at 14 km depth (Fig. DR10) .
MELT FRACTION
The low uncertainties in Vp allow us to put constraints on the conditions within the inferred reservoir. Seismic velocities in this setting are affected by several factors, including the melt fraction, the composition of magma and the crystalline framework, the geometry of the pore space, and pressure and temperature conditions. Petrologic data from recent eruptions at Mount St. Helens provide constraints on many of these properties. Volcanic output from the 1980 eruption was dacitic in composition, with SiO 2 wt% of ~63% (Lipman et al., 1981) and H 2 O wt% of ~4.6% (Rutherford et al., 1985) . The temperature of the magma reservoir has been estimated at 930 °C (Rutherford et al., 1985) , and lithostatic pressure is calculated using a density model (Williams et al., 1987) . Using these constraints from previous studies, we can calculate the elastic moduli and densities of the solid and melt fractions of the magma reservoir (Abers and Hacker, 2016; Ueki and Iwamori, 2016) . These material properties were combined using the approach of Chu et al. (2010) to model the relationship between Vp and melt fraction (see a description of the method in the Data Repository). This approach uses Gassmann's relations, which are valid for equilibrated pore pressures and make no assumptions regarding pore geometries. Figure 3C shows the modeled relationship of Vp as a function of melt fraction. Also plotted in this gure are Vp values within the inferred magma reservoir at various depths. The results show that between depths of 4 and 6 km the estimated melt fraction is between 10% and 12%. The estimated melt fraction drops to ~8% at 7 km depth, and then progressively decreases with increasing depths in the reservoir. As mentioned above, the low-velocity anomaly amplitudes are likely lower bounds, and therefore it is possible that melt fractions exceed what is shown in Figure 3 (Fig. DR10) . The Vp uncertainties increase with depth, though, even when taking this into account, the melt fractions within the depth range of 4-6 km are anomalously high compared to the rest of the reservoir (Fig. DR11) . The total volume of melt in the reservoir, if low melt fractions (<3%) are excluded, is ~50 km 3 (Fig. DR12 ), though this is likely an overestimate due to spatial resolution limitations.
MAGMA RESERVOIR STRUCTURE AND THE SOURCE OF VOLCANIC ERUPTIONS
A comparison of the one-dimensional velocity structure (Fig. 3A) and calculated melt fractions of the inferred magma reservoir (Fig. 3C) with the source depths of magmas that have erupted at Mount St. Helens during the past 4 k.y. (Figs. 3A and 3B) shows some interesting relationships (Rutherford et al., 1985; Gardner et al., 1995; Rutherford and Devine, 2008) . The most striking feature of this comparison is that the magma source depths of the majority of the major eruptions that have taken place in the past 4 k.y. fall within regions of the inferred magma reservoir that have the largest low-Vp anomalies (Figs. 3A and 3B ) and the highest estimated melt fractions (Figs. 3A and 3C ). This may indicate that the basic geometry of the magma reservoir, combined with magma differentiation processes, produces preferential magma accumulation in the upper 2-3 km of this system over multiple eruptive periods. This preferential accumulation may continue until melt fractions are high enough to produce eruptible magma (Bachmann and Bergantz, 2004) , or the melt fractions estimated in this study could represent a persistent background condition that is occasionally perturbed by additional magma input or instabilities in the upper part of the reservoir that separates magma from the crystalline framework, leading to eruptive periods (Pallister et al., 1992b) . Future monitoring of the seismic properties of the inferred zone of preferential magma accumulation may improve our understanding of how melt fractions change with time in this system. Activity at Mount St. Helens between 2004 and 2008 did not produce a major eruption, though it is noteworthy that the source depth of this magma is located at the top boundary of the inferred magma reservoir and the base of the inferred Tertiary igneous intrusives that overlay the reservoir (Fig. 3A) . In addition, seismicity associated with this volcanic activity, as well as background seismicity (Hansen and Schmandt, 2015; Moran et al., 2008) , terminates near the boundary between these two features (Fig.  DR13) . If this narrow band of seismicity represents a conduit system that connects the top of the reservoir to the surface (Pallister et al., 2008) , the Vp results indicate that the transition from the conduit to the reservoir is being controlled by the material properties of the Tertiary intrusive body. These characteristics of both the magma reservoir and conduit, as well as the apparent stability of these systems over multiple eruptions, provide important constraints on physical models that attempt to understand the processes involved in past and future activity at Mount St. Helens (Anderson and Segall, 2013) .
